gadd153, also known as chop, is a highly stress-inducible gene that is robustly expressed following disruption of homeostasis in the endoplasmic reticulum (ER) (so-called ER stress). Although all reported types of ER stress induce expression of Gadd153, its role in the stress response has remained largely undefined. Several studies have correlated Gadd153 expression with cell death, but a mechanistic link between Gadd153 and apoptosis has never been demonstrated. To address this issue we employed a cell model system in which Gadd153 is constitutively overexpressed, as well as two cell lines in which Gadd153 expression is conditional. In all cell lines, overexpression of Gadd153 sensitized cells to ER stress. Investigation of the mechanisms contributing to this effect revealed that elevated Gadd153 expression results in the down-regulation of Bcl2 expression, depletion of cellular glutathione, and exaggerated production of reactive oxygen species. Restoration of Bcl2 expression in Gadd153-overexpressing cells led to replenishment of glutathione and a reduction in levels of reactive oxygen species, and it protected cells from ER stress-induced cell death. We conclude that Gadd153 sensitizes cells to ER stress through mechanisms that involve down-regulation of Bcl2 and enhanced oxidant injury. Gadd153 , also known as Chop, is a leucine zipper transcription factor that is present at low levels under normal conditions but is robustly expressed in response to stress (5, 14, 40) . gadd153 was originally identified based on its induction following treatment of cells with growth arresting and DNA damaging agents, though induced expression of the gene has also been strongly tied to perturbation of homeostasis in the endoplasmic reticulum (ER).
Proteins destined for transport to the cell membrane or to the cell exterior are synthesized on the ER surface and are then translocated to the ER lumen, where they are extensively modified by glycosylation and the addition of disulfide bonds. It is in the lumen of the ER, which provides a unique environment for protein folding, that proteins assume their mature, tertiary conformation. Disruption of homeostasis in the ER, which can occur, for example, as a result of nutrient deprivation or alteration of the organelle's calcium-rich oxidizing environment, can have devastating effects on the cell. Protein misfolding compromises cell function because essential polypeptides never exit the ER and are thus unable to perform their normal roles (reviewed in references 4 and 22) . Additionally, accumulation of misfolded proteins in the ER triggers a unique signaling cascade referred to as the unfolded protein response (UPR). In the mammalian UPR a signal is transduced from the stressed ER to the nucleus, where transcription of a number of genes, including gadd153 and genes encoding ER resident proteins such as the glucose-regulated proteins (grp genes), is activated (reviewed in references 21 and 32) .
The Grp's function as chaperones that guide proteins through the folding process, and their up-regulation in response to ER stress increases the cell's capacity to cope with the accumulation of immature, misfolded proteins in the ER. Indeed, if Grp78 induction is prevented, cell survival diminishes greatly following treatment with agents that stress the ER (24, 25) . Following induction of the UPR, the kinetics of Gadd153 induction parallel exactly those seen for Grp78 (40) . However, the effect of up-regulating Gadd153 in response to protein misfolding is much less intuitive than the effect of up-regulating expression of ER chaperones, and few studies have expressly addressed what function Gadd153 has in the ER stress response.
Several groups have reported that induction of Gadd153 correlates with the onset of apoptosis (12, 15) . More recently it was reported that cell killing in response to toxins that perturb the ER was delayed in embryonic fibroblasts derived from mice lacking the gadd153 gene (45) . These studies suggest that Gadd153 may be involved in the regulation of apoptosis, but to date no study has addressed the mechanistic relationship between expression of Gadd153 and cell death. Despite this, the assumption is commonly made in the literature that while UPR induction of Grp78 provides a survival signal, induction of Gadd153 serves as a death signal. Clearly, there is great need for more definitive evidence of the involvement of Gadd153 in apoptosis.
In the present study we sought to define in greater detail what role, if any, Gadd153 plays in the regulation of cell death. To accomplish this task we employed one cell line that constitutively overexpresses Gadd153 and several others that condi-tionally overexpress the protein. We report that while Gadd153 expression alone does not trigger cell death, it does sensitize cells to killing by agents that stress the ER. Importantly, overexpression of Gadd153 does not sensitize cells nonspecifically to all types of stress, since ␥-irradiation, which induces cell death through a Gadd153-independent mechanism (29) , kills cells irrespective of their Gadd153 status. Furthermore, we demonstrate that elevated Gadd153 expression down-regulates expression of the antiapoptotic protein Bcl2 and drastically depletes cells of glutathione, the primary intracellular scavenger of reactive oxygen species (ROS). Replenishment of Bcl2 returns cellular redox status to normal and protects cells from ER stress-induced death. Thus, elevated Gadd153 expression is tied to dramatic disruption of redox homeostasis, which readies cells for apoptosis.
MATERIALS AND METHODS
Cell culture, treatments, and generation of cell lines. HeLa, Rat1, Rat-Myc, and gadd153 Ϫ/Ϫ MEF (45) cell lines were grown in Dulbecco's modified essential medium (Life Technologies, Gaithersburg, Md.), supplemented with 10% fetal bovine serum (Hyclone, Logan, Utah), 100 U of penicillin per ml and 100 g of streptomycin (Life Technologies) per ml, and were maintained in a humidified atmosphere containing 5% CO 2 . Rat1-Myc-Gadd153 (A94) cells were maintained as described above in medium containing 300 g of hygromycin B (Sigma, St. Louis, Mo.) per ml (6) .
Tunicamycin and thapsigargin were purchased from Sigma. Cells were ␥-irradiated using a Gammacell 40 Exactor low-dose irradiator (Nordion International Inc., Ontario, Canada) with a 137 Cs source at a specific dose rate of 1.22 Gy/min. For the stable introduction of bcl2 into A94 cells, pSFFV-bcl2 (44) was cotransfected along with the puromycin-resistance pPur plasmid (Clontech Laboratories, Inc., Palo Alto, Calif.) into A94 cells by standard calcium phosphate transfection methods. Stable transformants were selected in 1 g of puromycin per ml. Single colonies were expanded and screened by Western blot analysis for expression of Bcl2 and Gadd153. To generate clones that conditionally express Gadd153, the LacSwitch-inducible expression system (Stratagene, La Jolla, Calif.) was used. Both Rat1 and gadd153 Ϫ/Ϫ cells were transfected with the LacI repressor expression plasmid P3ЈSS and the pOPRSVI-CHOPFlag plasmid generated by Matsumoto et al. (30) . gadd153 Ϫ/Ϫ cells were also transfected with P3ЈSS and CMVneo to generate the gadd153 Ϫ/Ϫ Neo cell line. Transfected cells were placed under selection with 600 g of geneticin (Life Technologies) and 300 g of hygromycin B (Rat1, Gadd153i) per ml or 300 g of geneticin and 100 g of hygromycin B (gadd153 Ϫ/Ϫ Gadd153i and gadd153 Ϫ/Ϫ Neo) per ml. Single colonies were expanded and screened by Western blot analysis for inducible expression of Flag-tagged Gadd153 in the presence of 5 mM isopropyl-␤-Dthiogalactopyranoside (IPTG) for 8 to 24 h. Survival assay. Cell survival was determined using a standard clonogenic assay. Cells were initially plated in six-well cluster plates at a density of 30,000 cells/well. Following treatment, cells were trypsinized and serially diluted. Four dilutions were prepared from each treatment and ranged from 1:10 to 1:1,000,000. Colonies were allowed to grow for 10 to 14 days and were then stained with crystal violet (0.1% [wt/vol] crystal violet in 10% ethanol) and counted. Colony-forming efficiency was calculated based on the number of colonies that grew and the number of cells plated into each well and was expressed relative to control (untreated) cells.
Flow cytometric analysis of cell death and ROS production. Flow cytometry was performed on a FACScan flow cytometer equipped with an argon laser at 488 nm excitation (Becton Dickinson, San Jose, Calif.). To assay for apoptotic cells on the basis of sub-G 1 content, cells were trypsinized after treatments and fixed in 70% ethanol. Following incubation with RNase (0.1%; Boehringer Mannheim/Roche Diagnostic Corporation, Indianapolis, Ind.), cells were stained with propidium iodide (PI; 50 g/ml; Roche Diagnostic Corporation), and fluorescence signals from the stained cells were collected in the FL-2 detector using a 585/42 band-pass filter. A total of 100,000 events were collected. Cell cycle profiles were analyzed using MultiCycle software (Phoenix Flow Systems, San Diego, Calif.), and the sub-G 1 peak was quantified to estimate apoptosis in the population. To examine the production of ROS, cells were harvested in phosphate-buffered saline and incubated in the presence of 20 M 2Ј7Ј-dichlorodihydrofluorescein (H 2 DCF) diacetate (Molecular Probes, Eugene, Oreg.) in the dark at 37°C for 30 min. The shift in green fluorescence as measured in the FL-1 detector with a 530/30 band-pass filter is associated with ROS production and was determined from histogram data using CellQuest software (Becton Dickinson). A total of 20,000 events was collected for each histogram.
Western blot analysis. Total cell lysates were prepared and 40 to 70 g of protein was size fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to polyvinylidene difluoride membranes by standard techniques. Blots were probed with the following antibodies: monoclonal anti-Bcl2 (Transduction Laboratories, San Diego, Calif.), polyclonal antiGadd153 and anti-Grp78 (Santa Cruz Biotechnology Inc., Santa Cruz, Calif.), horseradish peroxidase-conjugated goat anti-mouse antibody (Amersham, Arlington Heights, Ill.), and horseradish peroxidase-conjugated goat anti-rabbit antibody (Amersham). Bands were detected with the enhanced chemiluminescence (ECL) system (Amersham).
CAT and ␤-galactosidase assays. Subconfluent cells growing in 100-mm tissue culture dishes were transiently transfected using Superfect transfection reagent (Qiagen, Valencia, Calif.) according to the manufacturer's specifications. Rat1, Rat-Myc, and A94 cells were transfected with 30 g of plasmid containing the bcl2 promoter P1 linked to the chloramphenicol acetyltransferase (cat) reporter gene, or a control vector that contained the cat gene but lacked the bcl2 promoter, along with 3 g of a ␤-galactosidase expression plasmid. The same transfection method was used to introduce bcl2 promoter-reporter constructs and ␤-galactosidase expression plasmids into HeLa cells, along with 0.1 to 1.0 g of either a CMV-gadd153 expression plasmid (14) or an empty vector control (CMVneo). Cells were harvested in a buffer containing 100 mM potassium phosphate buffer, and CAT assays were performed as previously described using 14 C-labeled chloramphenicol (20) . Percentages of chloramphenicol acetylation were obtained over the linear range of the assay (3 to 70% conversion) and were quantified using a PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.). Conversion values were normalized to ␤-galactosidase activity, which was measured using the Galactolight Plus kit (Tropix, Bedford, Mass.).
Site-directed mutagenesis. The QuikChange site-directed mutagenesis kit (Stratagene) was used to mutate the CMV-gadd153 expression vector. The primer used to mutate two of the leucine residues in the leucine zipper region of gadd153 (L134A/L141A) was 5Ј-AGTGGCACAGGCAGCTGAAGAGAATG AACGGGCCAAG CAGGAAATC (the mutated nucleotides are underlined). The oligonucleotide used to mutate two serine residues within the activation domain of GADD153 (S79A/S82A) was 5Ј-AGCACCTCCCAGGCCCCTCAC GCTCCAGATTCCAGT. The PCR conditions used were those recommended by the manufacturer: 95°C for 30 s followed by 17 cycles of 95°C for 30 s, 55°C for 1 min, and 68°C for 10 min. The resulting clones were sequenced to verify the mutations.
RT-PCR and Northern blot analysis.
To analyze RNA expression by reverse transcription-PCR (RT-PCR), 1 g of total RNA from each sample was treated with DNase I and then 10% of this treated sample was used for RT-PCR with SuperScript One-Step RT-PCR with Platinum Taq System (Life Technologies). The primers for the gene-specific RT-PCR analysis were as follows: bcl2 primer 1, CTGGCATCTTCTCCTTCCAGC; bcl2 primer 2, ACCTA-CCCAGCCTCC GTTATC; gapdh primer 1, ACATCAAGAAGGTGGTGAAGCAGG; and gapdh primer 2, CTCTTGCTCTCAGATCCTTGCTGG. The conditions for the RT-PCR were 1 cycle of 50°C for 30 min, 94°C for 2 min, and then 35 cycles (bcl2) or 25 cycles (gapdh) of 94°C for 30 s, 55°C for 1 min, and 70°C for 1 min. Equal aliquots of the PCR products were electrophoresed through a 2% agarose gel in 1ϫ TAE buffer.
To analyze RNA expression by Northern blot analysis, total RNA was harvested using STAT-60 (Tel-Test B, Friendswood, Tex.) according to the manufacturer's recommendations. Ten micrograms of total RNA was run on an agarose-formaldehyde gel and transferred to a GeneScreen Plus membrane (NEN Life Science Products). The grp78 cDNA, a generous gift from Amy S. Lee, was labeled by the random primer method and used as a probe. A 24-base oligonucleotide (3Ј-ACGGTATCTGATCGTCTTCGAACC-5Ј) complementary to 18S rRNA was also used as a probe to verify RNA integrity and loading differences.
Quantification of GSH and GSSG. Cell glutathione (GSH) and the oxidized form of GSH (GSSG) were determined either using high-performance liquid chromatography (HPLC) or colorimetric assays. For HPLC determinations the method of Reed et al. (33) was employed. Briefly, cells were treated with ice-cold 5% trichloroacetic acid (TCA) followed by centrifugation to remove TCA-insoluble proteins. The acid supernatant was derivatized with 6 mM iodoacetic acid and 1% 2, 4-dinitrofluorobenzene to yield the S-carboxymethyl and 2, 4-dinitrophenyl derivatives of GSH and GSSG. Separation of GSH and GSSG derivatives was achieved on a 15-by 4.6-mm 10-m C 18 reversed-phase ion-exchange column. Colorimetric assessments of GSH and GSSG were done according to the method described by Anderson (2) with minor modifications due to adaptations of the assay to microtiterplate dimensions.
RESULTS

Enforced expression of Gadd153 sensitizes cells to ER stress.
To better define Gadd153 function in the stress response, we investigated the responsiveness of A94 cells, which constitutively overexpress Gadd153, to several ER stress-inducing agents. A94 cells were derived from Rat1-Myc fibroblasts. A Rat1 cell line in which Gadd153 is constitutively overexpressed could not be established, presumably due to the growth-arresting properties of Gadd153. However, constitutive expression of the gene was achieved in Rat1-Myc cells, which overexpress c-Myc. A more detailed description of these cell lines can be found elsewhere (6) . To examine the influence of Gadd153 on survival of cells exposed to ER stress, clonogenic assays were carried out with Rat1, Rat1-Myc, and A94 cells following their treatment with tunicamycin and thapsigargin, two classic ER stress agents. As seen in Fig. 1 , constitutive expression of Gadd153 greatly reduced long-term survival following ER stress. Interestingly, c-Myc expression alone increased the sensitivity of Rat1 cells to thapsigargin and tunicamycin by two-and fivefold, respectively. However, with both agents overexpression of Gadd153 led to a further 10-fold reduction in survival compared to Rat1-Myc cells. To determine the specificity of these findings, we compared survival of Rat1, Rat1-Myc, and A94 cells following exposure to ␥-irradiation, one of the few DNA-damaging treatments that does not induce Gadd153 expression (29) . Importantly, elevated Gadd153 expression did not significantly alter the sensitivity of cells to ␥-irradiation (Fig. 1) . To confirm our findings that Gadd153-overexpressing cells have a heightened sensitivity to ER stress agents and to further investigate the mechanism involved, we examined cytotoxicity in a short-term assay using flow cytometric analysis for the detection of apoptotic cells. As shown in Fig. 2 for thapsigargin, apoptosis as measured by the appearance of a sub-G 1 peak using flow cytometry was negligible in Rat1 and Rat1-Myc cells following 24-h treatment but was significantly elevated in A94 cells. Interestingly, despite the fact that clonogenic survival following ␥-irradiation did not differ between the Rat1 and Rat1-Myc cells, flow cytometric analysis revealed a significant increase in apoptosis in Rat1-Myc cells compared to that in Rat1 cells. This is consistent with previous findings by others (6) . Gadd153 expression, however, did not enhance but actually reduced the level of ␥-irradiationinduced apoptosis.
A complication of the A94 model system is that Gadd153 is overexpressed against a background of elevated c-Myc, and we clearly see an effect of c-Myc expression on survival following treatment with agents that perturb the ER (Fig. 1) . We have confirmed this observation in another rat fibroblast cell line, Rat1a (19) . While Rat1a cells were found to be relatively resistant to tunicamycin and thapsigargin, Rat1a-Myc, which constitutively overexpresses c-Myc, showed much more sensitivity to these agents (data not shown). These data are intriguing and demonstrate for the first time that expression of c-Myc sensitizes cells to ER stress. Further experiments are being carried out to address the involvement of c-Myc in ER stress signaling pathways. However, for the purpose of defining the role of Gadd153 in the ER stress response, it was essential that we examine the effects of Gadd153 independent of c-Myc overexpression to determine if Gadd153 expression alone sensitizes cells to ER stress. We therefore developed two cell lines in which overexpression of Gadd153 is conditional. A Gadd153 expression vector, where the gadd153 gene is under the control of the Lac repressor, was introduced into Rat1 fibroblasts and MEFs derived from mice in which both gadd153/chop gene alleles have been disrupted (45) . The cell lines with inducible Gadd153 are referred to as Rat1-Gadd153i and gadd153
Gadd153i. That inclusion of IPTG in the culture medium results in accumulation of Gadd153 in both cell lines is demonstrated in Fig. 3A . Induction of Gadd153 alone did not induce cell death in either the MEF or Rat1 cell lines, even after 96 h FIG. 1. Constitutive expression of Gadd153 sensitizes cells to ER stress as demonstrated in colony formation assays. Rat1, Rat-Myc, and A94 (Rat1-Myc-Gadd153) cell lines were treated with the indicated doses of thapsigargin or tunicamycin for 24 h or were exposed to ionizing radiation and allowed to recover for 24 h. Following treatments, cells were split into 100-mm tissue culture plates and colonies were counted 8 to 12 days later. Data are reported as percent survival relative to control (untreated) cells and are an average of at least three independent experiments. Error bars represent standard errors of the means.
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Gadd153, Bcl2 DOWN-REGULATION, AND THIOL DEPLETIONor more of Gadd153 expression. However, cells pretreated for 8 to 16 h with IPTG were sensitized to killing by the ER stress agents thapsigargin and tunicamycin, as measured by flow cytometry ( Fig. 3B and C) . Down-regulation of Bcl2 contributes to Gadd153-mediated sensitization of cells to ER stress. We next sought to determine how Gadd153 sensitizes cells to ER stress, and we first compared Bcl2 expression in parental and Gadd153-overexpressing cell lines. As shown in Fig. 4A , c-Myc expression did not alter Bcl2 expression relative to the parental Rat1 cells. However, in the Gadd153-expressing A94 cells, the level of Bcl2 protein was dramatically reduced, as was the bcl2 RNA level as determined by RT-PCR. Grp78 levels were also assessed and found to be equivalent in the Rat1, Rat1-Myc, and A94 cell lines (Fig. 4A) , indicating that ER stress was not basally elevated as a consequence of Gadd153 overexpression. When challenged with a stressful treatment, all three cell lines showed Grp78 expression induced to similar levels (data not shown). Similar results were obtained with gadd153 Ϫ/Ϫ Gadd153i cells; concomitant with IPTG induction of Gadd153, Bcl2 protein levels declined (Fig. 4B) . Treatment with IPTG did not, however, result in increased ER stress, since Grp78 levels remained constant (Fig. 4B) . This was further demonstrated with gadd153 Ϫ/Ϫ Neo cells, which lack Gadd153 completely. Treatment of gadd153 Ϫ/Ϫ Neo cells with IPTG had no effect on the expression of Grp78 or Bcl2, indicating that the down-regulation of bcl2 observed in gadd153 Ϫ/Ϫ Gadd153i cells was the result of induced Gadd153 expression and not a nonspecific effect of IPTG on the cells. Down-regulation of bcl2 mRNA expression by Gadd153 was also demonstrated using RT-PCR (Fig. 4C) . Inclusion of IPTG in the culture medium of gadd153 Ϫ/Ϫ Gadd153i cells resulted in down-regulation of bcl2 mRNA but had no effect on expression of bcl2 in gadd153 Ϫ/Ϫ Neo cells. Furthermore, these gadd153 Ϫ/Ϫ cell lines had similar levels of basal and thapsigargin-induced grp78 RNA expression, regardless of the presence of IPTG or IPTGinduced Gadd153 expression (Fig. 4D) .
To determine how Gadd153 acts to down-regulate Bcl2, we examined the effects of Gadd153 expression on bcl2 promoter activity using a CAT reporter system. A construct containing the P1 promoter region of bcl2 linked to the cat coding region (44) was transfected into Rat1, Rat1-Myc, and A94 cells. bcl2 promoter activity was similar in Rat1 and Rat1-Myc cells. However, the activity of the bcl2 promoter was significantly repressed in Gadd153-overexpressing A94 cells (Fig. 5A) . To verify that the decreased bcl2 promoter expression indeed was Ϫ/Ϫ Gadd153i cells, does not influence the induction of grp78 RNA levels in response to ER stress incurred by 1 M thapsigargin (TG) for 6 h. moter (Fig. 5C ). In contrast, Gadd153 harboring two mutations in the protein's transactivation domain (S79A/S82A) repressed the bcl2 promoter as well as wild-type Gadd153 did (Fig. 5C) .
To determine whether down-regulation of Bcl2 contributes to sensitization to ER stress in Gadd153-overexpressing cells, expression of Bcl2 in A94 cells was restored by stable introduction of a bcl2 expression plasmid, and the sensitivity of the resulting cell line, A94B1, to ER stress-induced apoptosis was examined using flow cytometry. Cell death was negligible in A94B1 cells treated with thapsigargin and tunicamycin (Fig. 6 ), clearly demonstrating a protective effect of Bcl2 in Gadd153-overexpressing cells.
Intracellular GSH content is decreased in cells expressing Gadd153. Reduced Bcl2 expression has been linked to lowered levels of cellular GSH, the tripeptide thiol that is an essential component of cellular defenses against oxidative stress and reactive electrophiles. In addition, we have previously implicated Gadd153 in the cellular response to oxidative stress (19) . We therefore reasoned that Gadd153 might perturb cellular redox states through a Bcl2-dependent mechanism. Using HPLC and colorimetric assays, GSH and GSSG levels were quantified in the Gadd153-overexpressing cell line, A94. Compared to GSH levels in Rat1 and Rat1-Myc, GSH levels were dramatically reduced in A94 cells, while GSSG levels remained unchanged (Fig. 7A) . The ratio of GSH to GSSG, which gives an indication of the overall redox status of the cell, was fiveand eightfold less in A94 cells relative to that in the Rat1 and Rat1-Myc lines, respectively (Fig. 7B) . These data indicate that A94 cells are unable to maintain the normal reducing environment found in Rat1 and Rat1-Myc cells. Furthermore, restoration of Bcl2 expression in A94 cells, which protects against ER stress-induced death (Fig. 5) , returned GSH levels in the Gadd153-overexpressing cells to normal (Fig. 7A ) and increased the GSH/GSSG ratio above that seen in parental cells (Fig. 7B) . Differences between GSH/GSSG ratios in A94B1 cells and Rat1 parental cells probably reflect the abundance of Bcl2 in A94B1 cells, which exceeds the endogenous levels observed in either the Rat1 or Rat1-Myc lines.
The observations described above suggest that Gadd153-overexpressing cells have a greater oxidant burden than those that do not express Gadd153 constitutively. To determine more directly if this is so, production of reactive oxygen species FIG. 5. (A) Plasmid constructs containing the bcl2 promoter region P1 linked to the cat reporter gene were transfected into Rat1, Rat1-Myc, and A94 cell lines. Acetylation of 14 C-chloramphenicol, which reflects activity of the bcl2 promoter, was quantified. Data are expressed as fold induction of the promoter activity relative to that of the vector control, which harbored the cat gene but lacked the bcl2 promoter. (B) bcl2-cat promoter-reporter plasmids were introduced into HeLa cells along with increasing concentrations of a gadd153 expression vector, and bcl2 promoter activity was determined. Data are reported as fold induction relative to the activity of the bcl2 promoter in HeLa cells transfected with a vector lacking the gadd153 gene (CMVneo). (C) bcl2-cat promoter-reporter plasmids were introduced in HeLa cells along with 1 g of expression vector for CMVneo, wild-type Gadd153, Gadd153 harboring mutations in the leucine zipper domain (L134A/L141A), or Gadd153 harboring mutations in the transactivation domain (S79A/S82A). bcl2 promoter activity was determined 48 h later. Data are expressed relative to the activity of the bcl2 promoter-transfected empty CMVneo vector. All data are averages of at least three independent experiments and bars represent standard errors of the means. 
Gadd153, Bcl2 DOWN-REGULATION, AND THIOL DEPLETION(ROS) was measured in Rat1, Rat1-Myc, and A94 cells. Cells were loaded with the cell-permeable fluorescent dye, H 2 DCF diacetate. Upon entry into cells, the dye is oxidized by ROS generating a fluorescent product. Fluorescence, measured by flow cytometry, gives an estimate of intracellular ROS production. Using this approach we found that oxidant production was low in untreated Rat1 and Rat1-Myc cells. In sharp contrast, ROS production was significantly elevated in untreated A94 cells (Fig. 8) , consistent with the reduced GSH levels in the Gadd153-overexpressing cells. Furthermore, ROS production in A94B1 cells was low and comparable to that observed in Rat1 and Rat1-Myc cells. ROS production increased somewhat in Rat1 and Rat1-Myc cells following thapsigargin and tunicamycin treatment but was greatest in A94 cells treated with thapsigargin and tunicamycin (Fig. 8) . Consistent with their elevated GSH levels, oxidant production following ER stress was not observed in A94B1 cells, which overexpress Bcl2 and are resistant to ER stress (Fig. 8) .
The finding that Gadd153 expression contributes to oxidant production was confirmed in gadd153 Ϫ/Ϫ MEFs that conditionally express Gadd153. As measured by flow cytometry, ROS production increased substantially in gadd153 Ϫ/Ϫ Gadd153i cells when Gadd153 expression was induced with IPTG ( Fig.  9A) . Furthermore, while thapsigargin and tunicamycin both induced ROS production in gadd153 Ϫ/Ϫ Gadd153i cells, the oxidant burden was exaggerated in gadd153 Ϫ/Ϫ Gadd153i cells in which Gadd153 expression was restored ( Fig. 9B and C) . In contrast, although inclusion of IPTG in the culture medium of gadd153 Ϫ/Ϫ Neo cells did cause some increase in ROS (presumably a nonspecific effect), it was not nearly as great as that seen in the Gadd153-expressing cells (Fig. 9D, E, and F) .
That disruption of redox equilibrium contributes to ER stress-induced cell death was confirmed in experiments using buthionine sulfoximine (BSO), an inhibitor of GSH neosynthesis. Pretreatment of Rat1 and Rat1-Myc cells with BSO depleted the cells of GSH (data not shown) and greatly sensitized them to tunicamycin and thapsigargin (Fig. 10) . Interestingly, A94 cells were not protected from ER stress by pretreatment with N-acetylcysteine (NAC), which supplies cells with cysteine, a necessary precursor in the synthesis of GSH (data not shown). However, such NAC pretreatment also failed to increase significantly the GSH levels in the A94 cells (data not shown).
DISCUSSION
In this study we examined the influence of Gadd153 expression on cell survival following ER stress. Using a cell line that constitutively overexpresses Gadd153 and two additional cell lines that conditionally overexpress the protein, we have demonstrated that elevated Gadd153 expression sensitizes cells to agents that perturb ER function. Concomitant with Gadd153 expression, production of the Bcl2 protein is repressed. Furthermore, expression of Gadd153 results in severe depletion of intracellular thiols. As such a redox imbalance would predict, ROS production was markedly increased in association with overexpression of Gadd153. Restoration of Bcl2 in Gadd153-overexpressing cells returns redox homeostasis to the cells and protects them from ER stress-induced death.
In Gadd153-overexpressing cells, Bcl2 protein levels are dramatically reduced relative to parental cells, and we have provided evidence that this is due to reduced transcription of the bcl2 gene. While it has been suggested that Gadd153 can directly regulate gene transcription (37) , there is no evidence of a Gadd153-responsive site in the bcl2 promoter. An alternative explanation is that Gadd153 exerts its effects on the bcl2 promoter indirectly by negatively regulating another transcription factor. Gadd153 has long been recognized as an inhibitor of gene transcription, primarily through its dimerization with and negative regulation of other leucine zipper transcription factors of the C/EBP (13, 34) and CREB (36, 43) families. Furthermore, there is precedence for repression of the bcl2 promoter through the action of transcription factor complexes (24) . Our finding that mutation of the leucine zipper domain of Gadd153 abolishes its effects on the bcl2 promoter suggests that the ability of Gadd153 to influence bcl2 expression requires complex formation with other proteins.
An important finding of this study is that elevated Gadd153 expression results in thiol depletion. Direct measurement of cellular GSH levels indicated that GSH pools were severely depleted in Gadd153-overexpressing cells. We confirmed this finding by measuring ROS production and again found that Gadd153 expression, even in the absence of stress, perturbed redox equilibrium (Fig. 9A) . GSH has a number of vital functions in the cell. In addition to its role in detoxifying electrophiles and scavenging free radicals, GSH maintains protein integrity by preventing oxidation of thiol groups and by reducing disulfide bonds induced by oxidative stress (reviewed in FIG. 7 . GSH is depleted from Gadd153-overexpressing cells in a Bcl2-dependent manner. (A) HPLC was used to measure cellular GSH and GSSG levels. (B) The ratio of GSH to GSSG, which gives an estimate of the overall redox state of the cell, is reported. All data are reported as averages of three or more independent experiments and bars represent standard errors of the means. references 3 and 27). Thiol depletion has been shown to sensitize cells to death caused by a variety of stimuli, and in some cell types it is sufficient to induce apoptosis (8, 35, 41) . It is clear from these studies and others (9, 16, 17, 38) that in many cell types control of GSH homeostasis is closely associated with regulation of apoptosis. An interesting question raised by this study is how Gadd153 expression and Bcl2 repression lead to redox imbalance. Bcl2 is known to influence GSH levels, but how this occurs remains controversial (39) . Our glutathione measurements reveal that the total level of glutathione (GSH plus GSSG) is dramatically lower in Gadd153-overexpressing cells because GSH pools are depleted, while GSSG levels remain essentially unchanged. There are several possible explanations for these findings. First, GSH could be rapidly exported from the Gadd153-overexpressing cells. This does not appear to be the case, as measurement of thiols in the medium of parental cells and those that overexpress Gadd153 indicated that both had extruded equally low levels of GSH (data not shown). Another possible explanation is that Gadd153 interferes with GSH neosynthesis. Synthesis of GSH is a two-step process that is dependent on the sequential actions of ␥-glutamyl cysteine synthetase, which is rate limiting, and glutathione synthetase. Regulation of these enzymes, particularly of ␥-glutamyl cysteine synthetase, is complex and occurs transcriptionally (31, 42) , posttranscriptionally (26) , and posttranslationally (10, 28) . Whether Gadd153 can influence GSH neosynthesis is currently under investigation.
While our data demonstrate that elevated Gadd153 levels sensitize cells to ER stress, we also found that overexpression of c-Myc increases susceptibility of cells to ER stress-induced death. We have confirmed these findings with another rat fibroblast cell line, Rat1a-Myc, which constitutively expresses c-Myc and displays enhanced sensitivity to thapsigargin and tunicamycin compared to its parental line, Rat1a (data not shown). While the mechanism whereby c-Myc sensitizes cells to ER stress remains to be determined, it appears to be distinct from that of Gadd153. For example, expression of c-Myc does not downregulate Bcl2, while Bcl2 expression is markedly depressed in all cells that express Gadd153, regardless of c-Myc expression. Furthermore, unlike our observations in Gadd153-overexpressing cells, GSH levels were not reduced in Rat1-Myc cells but were actually higher compared to those in the parental Rat1 cell line.
In summary, we have established an important mechanistic link between Gadd153 expression and cell survival following ER stress. By decreasing Bcl2 levels, primarily through tran- ϪTN) . The dark gray peak corresponds to tunicamycin-treated cells lacking Gadd153 (ϪIPTG, ϩTN), while the light gray peak corresponds to ROS production in IPTG-pretreated cells exposed to tunicamycin (ϩIPTG, ϩTN). Tunicamycin treatment increased ROS production in both cell lines, but ROS production was maximal in Gadd153-expressing cells treated with tunicamycin. (C and F) Following pretreatment with IPTG or vehicle control, cells were exposed to thapsigargin (TG; 1 M, 12 h). The black peak represents fluorescence in untreated cells (ϪIPTG, ϪTG). The dark gray peak corresponds to thapsigargin-treated cells that were not pretreated with IPTG (ϪIPTG, ϩTG), while the light gray peak corresponds to cells receiving IPTG followed by thapsigargin (ϩIPTG, ϩTG). Maximal ROS production was again detected in Gadd153-expressing cells treated with thapsigargin. All experiments were repeated three times and representative histograms are shown. FIG. 10 . GSH depletion sensitizes cells to ER stress. Rat1 and Rat1-Myc cells were pretreated with BSO (100 M, 24 h) followed by treatment with thapsigargin (TG; 1 M, 24 h). Cell death was quantified using flow cytometry. Data represent averages from at least three independent experiments. Error bars denote standard errors of the means.
